Vascularization remains a critical challenge in tissue engineering. The development of vascular networks within densely populated and metabolically functional tissues facilitate transport of nutrients and removal of waste products, thus preserving cellular viability over a long period of time. Despite tremendous progress in fabricating complex tissue constructs in the past few years, approaches for controlled vascularization within hydrogel based engineered tissue constructs have remained limited. Here, we report a three dimensional (3D) micromolding technique utilizing bioprinted agarose template fibers to fabricate microchannel networks with various architectural features within photo cross linkable hydrogel constructs. Using the proposed approach, we were able to successfully embed functional and perfusable microchannels inside methacrylated gelatin (GelMA), star poly (ethylene glycol-co-lactide) acrylate (SPELA), poly (ethylene glycol) dimethacrylate (PEGDMA) and poly (ethylene glycol) diacrylate (PEGDA) hydrogels at different concentrations. In particular, GelMA hydrogels were used as a model to demonstrate the functionality of the fabricated vascular networks in improving mass transport, cellular viability and differentiation within the cell-laden tissue constructs. In addition, successful formation of endothelial monolayers within the fabricated channels was confirmed. Overall, our proposed strategy represents an effective technique for vascularization of hydrogel constructs with useful applications in tissue engineering and organs on a chip.
INTRODUCTION
Vascularization represents one of the key challenges in tissue engineering. 1 Within engineered tissue constructs, cells must be sufficiently close (100-200 μm) to oxygen and nutrient supply, 2-4 delivered via uniformly distributed networks of blood vessels and capillaries to prevent the formation of a necrotic core. 5 Due to the slow rate of host-capillary invasion upon implantation, 6 functionality of tissue substitutes heavily relies on the development of vascular networks within tissue constructs. Similarly, perfusable microchannel networks embedded in cell-laden hydrogels are highly desirable for in vitro models of drug discovery and organ on a chip platforms. [7] [8] [9] [10] The process of engineering vascularized engineered tissue constructs generally relies either on cell based strategies or fabrication of a network of microchannels. 7 Cell-based approaches primarily involve endothelial cells, often assisted by other cell types such as pericytes and stem cells, to form self-organized and stable capillaries embedded within constructs. [11] [12] [13] [14] [15] [16] [17] These processes, however, are usually slow, heavily depending on biological mechanisms such as cellular morphogenesis, recruitment of mural cells 18 and the fusion of intracellular vacuoles. 16 Furthermore, this strategy mostly remains restricted to relatively thin constructs. 12, 19 Alternatively, the development of artificial microchannels depends on utilization of microfabrication techniques to form highly organized vascular networks. To date, a number of reports have used perfusable constructs fabricated via layerby-layer assembly of hydrogels with microfabricated grooves or microchannels. 10, [20] [21] [22] These methods, however, are generally restricted to planar footprints and depend on multiple polymerization steps, which result in undesirable interfaces within the engineered tissues.
A recent strategy for fabrication of well defined microchannels within engineered tissues has been based on bioprinting techniques to position sacrificial template materials, such as carbohydrate glass 23 and 'fugitive inks' of Pluronic F127 [24] [25] [26] [27] enclosed inside a hydrogel matrix. Upon bioprinting, these templates are dissolved via external stimuli, thus resulting in immediate formation of organized microchannels. Although bioprinting strategy exhibits several advantages in fabricating well defined microchannels compared to layer-by-layer assembly, the proposed bioprinted sacrificial template materials have been usually associated with cytotoxic reaction byproducts originating from template dissolution. 28, 29 For instance, bioprinted sacrificial glass carbohydrate templates have been reported to require coating with poly (D-lactide-co-glycolide) to prevent osmotic damage to cells enclosed inside the hydrogel. 23 Similarly, highly concentrated Pluronic F127 has shown significant cytotoxic effects. 30 Therefore, there exists a need to develop novel bioprintingbased techniques to engineer functional vascular networks within hydrogel constructs for tissue engineering and organs on a chip applications. 19 In this paper, we report a bioprinting-based strategy in which agarose, a naturally derived polysaccharide, is used as a permissive template material for vascularization of engineered hydrogel constructs. In the proposed strategy, agarose fibers are bioprinted with a welldefined and controlled three dimensional (3D) architecture. Then, a hydrogel precursor is casted over the bioprinted templates and subsequently photo polymerized. After gelation, the bioprinted agarose fibers do not adhere to the surrounding photo cross linked hydrogels. Hence the bioprinted templates can be easily removed to form fully perfusable networks without any requirement for template dissolution (Figure 1) . Herein, we demonstrate the effectiveness of the proposed strategy in fabricating microchannel networks and microfluidics constructs in a wide variety of photo cross linkable hydrogels commonly used for tissue engineering applications. Furthermore, we utilize cell-laden methacrylated gelatin (GelMA) hydrogels as a model platform to demonstrate the effectiveness of the proposed technique in the development of vascularized hydrogel constructs to support cellular viability, differentiation and overall tissue functionality.
MATERIALS AND METHODS

Hydrogel preparation
GelMA, star poly (ethylene glycol-co-lactide) acrylate (SPELA), poly (ethylene glycol) dimethacrylate 1000 (PEGDMA), and poly (ethylene glycol) diacrylate 4000 (PEGDA) were used in this study. GelMA was synthesized as described previously. 31 Briefly, 10% (w/v) type A gelatin from porcine skin was mixed into Dulbecco's phosphate buffered saline (DPBS, Sigma) at 60 ºC and stirred until fully dissolved. The degree of methacrylation of the resulting hydrogel, representative of the fraction of lysine groups reacted with methacrylate, was controlled by varying the amount of methacrylate present in the initial reaction mixture. To that end, 8% (v/v) methacrylic anhydride (Sigma) was added to the solution at a rate of 0.5 mL/min and reacted for 3 h at 50 ºC. A 5× dilution with additional warm (40 °C) DPBS was performed to stop the reaction, and the GelMA solutions were dialyzed using 12-14 kDa cutoff dialysis tubing against distilled water at 40 ºC for one week. Finally, the solution was lyophilized for 3-4 days to generate a white porous foam that was stored at 80 °C until further use.
SPELA was synthesized based on a two-step procedure, following previously described protocols. 32 Primarily, star poly (ethylene glycol-co-lactide) (SPEL) was synthesized using melt ring-opening polymerization, where lactide and SPEG were polymerization initiators, and TOC was the reaction catalyst. SPEG was dried by azeotropic distillation from toluene prior to the reaction. The reactants were melted under dry nitrogen flow, TOC was added and the reaction was continued for 8 h at 135 °C. The product was dissolved in DCM, precipitated in ice cold methanol, followed by ether and hexane to remove unreacted monomers and vacuum-dried. In the following step, the resulting SPEL macromers were reacted with DCM and again dried by azeotropic distillation from toluene. After cooling in nitrogen, the macromere was dissolved in DCM and equimolar amounts of acryloyl chloride and TEA were added to limit the exothermic reaction, which proceeded for 12 hours. After the reaction, solvent was removed by vacuum distillation and the macromere redissolved in DCM and precipitated in cold ethyl ether. The reaction product was then dissolved in DMSO, dialyzed to remove unreacted acrylic acid and the resulting SPELA was vacuum dried and stored for use.
For all experiments, 5 to 20% (w/v) GelMA, SPELA, PEGDMA and PEGDA were mixed with 0.5% (w/v) 2-hydroxy-1(4-(hydroxyethox) phenyl)-2-methyl-1-propanone (Irgacure, CIBA Chemicals) photo initiator at 80 °C. Photopolymerization was performed by exposing GelMA and SPELA hydrogel precursors to UV light (360 -480 nm) at 850 mW (Lumen Dynamics) (distance: 8.5 cm, time: 30 s and 8 s, respectively). Alternatively, PEGDA and PEGDMA were photo cross linked using 750 mW of UV light exposure (distance: 7.5 cm, time: 50 s).
Bioprinting of agarose templates and fabrication of microchannels
The agarose template material was prepared by mixing the agarose powder (Organovo) with DPBS at 80ºC at different concentrations ranging from 2 to 8% (w/v). At these concentrations, agarose forms a viscous solution that gels reversibly at temperatures below 32 ºC. For fluorescent images of the bioprinted templates, fluorescent microbeads (Createx Colors) were mixed with the agarose precursor at 0.1 to 0.5% (v/v) concentrations.
The fabrication of microchannels utilized a template micromolding technique, as schematically depicted in Figure 1 . In brief, a bioprinter (NovoGen MMX TM , Organovo) equipped with pumps and dispensing capillaries (250 μm, 500 μm and 1000 μm diameters) assembled in motor-driven X-Y-Z stages was used for the experiments in this work. Agarose (80° C) was loaded to the bioprinter ( Figure 1A , inset) by immersing the glass capillary fitted with a motorized piston in a heated agarose vial. The upward movement of the piston aspirated the agarose into the capillary. Next, the loaded capillaries were immersed in DPBS at 4° C for 10 s. The metallic piston was then pushed down against the gelled material while a custom script controlled the dispense speed (2 mm/s) and the coordinated movement of the motorized X-Y-Z stages ( Figure 1A) , as described previously. 33 After bioprinting, hydrogel precursors of GelMA, SPELA, PEGDMA and PEGDA were casted to fully cover the template fibers, photo cross linked using UV light ( Figure 1B ) and immersed in DPBS for 10 s. Interestingly, the agarose fibers did not adhere to the surrounding photo cross linked hydrogels, hence the template fibers could be immediately aspirated with a light vacuum (Supplementary Movie 1) or removed via manual pulling (Supplementary Movie 2). Immediately after template removal ( Figure 1C ), fully perfusable microchannels were formed ( Figure 1D ). Furthermore, although the bioprinted fibers closely touched one another at intersection points, the fact that they were individually gelled before bioprinting ensured that they could be individually aspirated with ease.
To determine the reproducibility of microchannel formation relative to different hydrogels, 500 μm templates were bioprinted (n=6) and casted with GelMA, SPELA, PEGDMA and PEGDA precursors at concentrations ranging from 5 to 20% (w/v). Microchannel formation was deemed reproducible if all templates were successfully removed from the hydrogel constructs.
Mechanical properties
Preliminary observations suggested that slight elastic deformation of the surrounding photo cross linked matrix was required for template removal (Supplementary Movie 2). Therefore, we investigated the elastic modulus of all hydrogels used in this study. For mechanical testing, 80 μL of hydrogel precursors of GelMA, SPELA, PEGDMA, and PEGDA, from 5 to 20%, were pipetted in a circular PDMS mold of 8 mm in diameter (n=6). Samples were photo cross linked, retrieved from the molds and stored in DPBS for 3 h at room temperature. The discs were compressed at a rate of 1 mm/min on a universal mechanical testing machine (Instron 5542). The compressive modulus was determined as the slope of the linear region corresponding to 0%-10% strain.
Swelling properties
Hydrogel swelling was expected to lead to slight constriction of the microchannels lumen, thus potentially preventing template removal. Therefore, we characterized the swelling properties of all hydrogels. Swelling analysis was performed in samples as prepared above. Samples were stored in DPBS for 24 h at room temperature. Gels were removed from DPBS, excess water was removed, and the swollen weight was recorded. Subsequently, the dry weight of polymer was recorded from the lyophilized samples and the mass-swelling ratio calculated as the ratio of wet mass to the mass of dry polymer (n=6).
Characterization of microchannels formation
To characterize the fabrication of different microchannel networks, bioprinted templates with linear, branching and lattice architectures were imaged in bright field using an inverted optical microscope (Nikon TE 2000-U). In addition, GelMA hydrogel constructs loaded with fluorescent microbeads (0.1% w/v) were imaged in fluorescence mode after fabrication of microchannels. To illustrate the interconnectivity of the fabricated network, a sequence of images was obtained while the channels were perfused with a 0.1% (v/v) solution of rhodamine-B. Additionally the constructs were imaged with the printed templates enclosed within and immediately after perfusing with a 0.1% (w/v) fluorescent microbead suspension using a digital camera (Nikon D3100).
Cell culture
We used mouse calvarial pre-osteoblasts cells (MC3T3) (ATCC) to evaluate the functionality of the microchannel networks in supporting cell viability and differentiation within the cell-laden hydrogel constructs. To study endothelial monolayer formation inside the bioprinted microchannels, green fluorescent protein (GFP)-expressing human umbilical vein endothelial cells (HUVECs) (ATCC) were used (passage 6 to 12). MC3T3s were cultured in α-minimum essential medium (α-MEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (w/v) penicillin-streptomycin. To induce the differentiation of MC3T3s encapsulated in the hydrogels, 50 μg/ml of ascorbic acid was added to the cell culture medium during culture of cell-laden constructs. HUVECs were cultured in endothelial cell basal medium (EBM-2; Lonza) supplemented with endothelial growth kit (BulletKit, EGM-2; Lonza), maintained at 37 ºC in a humidified, 5% CO 2 -incubator. The media was changed 3 times per week and the cells were passaged once per week.
Cellular viability
Cell-laden hydrogel constructs were fabricated by dispensing 200 μl of a cell-laden GelMA hydrogel precursor (5 x 10 6 cells/ml) on a PDMS mold (8 mm x 8 mm x 2 mm) with and without agarose template fibers of 1000 μm in diameter. Two parallel microchannels were fabricated following protocols described in section 2.1 and the cell-laden constructs were cultured in static conditions. Cell viability was determined by using a Live/Dead assay Kit (Invitrogen) according to the manufacturer's instructions. The number of live and dead cells was counted by ImageJ software using at least 4 images from different areas of 3 gels for each condition. The percentage of viable cells was then calculated based on the number of live cells divided by the total cell number.
Osteogenic differentiation
The effect of microchannels on the osteogenic differentiation of MC3T3 cells was assessed using a quantitative alkaline phosphatase (ALP) specific activity assay (n=3). Cell-laden hydrogels were washed twice with ultra pure water and preserved at −80 °C. Constructs were then thawed and mechanically lysed (Qiagen). The ALP activity was determined using a colorimetric p-Nitrophenyl Phosphate (p-NPP) method (Biocolor). The absorbance was measured at 405 nm after 1 hour of incubation at room temperature. ALP levels were then normalized to the amount of double-stranded DNA (dsDNA) as determined from a Pico Green assay (Invitrogen). For the Pico Green assay, 50 μl of working reagent was added to the 50 μl cell lysate of the sample. The sample was read at 485 nm excitation and 528 nm emission on a spectrophotometer (Biotek). The amount of dsDNA was calculated based on the standard curves of known dsDNA sample.
Endothelial monolayer formation
To form an endothelial monolayer, microchannels of 250 μm, 500 μm and 1000 μm fabricated in 10% w/v GelMA hydrogels were perfused with a cell suspension of 1.25×10 6 HUVECs (n=3) (Supplementary Movies 3A to 3C). The cell perfusion was repeated twice, and the constructs were flipped upside down in between each step. Cell-proliferation was quantified by counting the cellular nuclei at day 1, 3, and 7 at different fields of 5 individual regions within each microchannel.
Immunostaining of endothelial monolayers
After 7 days of culture, CD31 (PECAM-1) immunostaining was performed in vascularized hydrogel constructs to investigate the effective formation of an endothelial monolayer within the microchannels. For immunostaining the cells were fixed in 4% (w/v) paraformaldehyde for 30 min and soaked in 0.1% (v/v) Triton X-100 in DPBS for 30 min to permeabilize the cell membrane. Upon permeabilization, the samples were blocked in 10% (w/v) goat serum in DPBS for 1 h at room temperature and incubated in mouse anti-CD31 primary antibodies (Abcam) in 1/100 dilution. After three washes in DPBS, the hydrogels were incubated in 1/200 dilution of Alexa Fluor-594 conjugated goat anti-mouse secondary antibody (Abcam) for 6 h at room temperature (25 ºC). Finally, samples were stained with DAPI (Sigma) and imaged using a confocal microscope (Nikon A1SiR). Constructs were cultured for up to 14 days, after which the endothelial monolayers were imaged inside microchannels and perfused with a fluorescent microbead suspension (0.1% w/v) to illustrate the functionality of the endothelialized channels.
Statistical analyses
Statistical analysis was performed using GraphPad Prism 6. Data are presented as the mean ± standard deviation. A comparison of values from different materials was carried out by one-way/two-way analysis of variance (ANOVA) followed by Tukey post-hoc tests.
RESULTS AND DISCUSSION
Despite significant advances in engineering complex tissues in vitro, there are still critical challenges for the development of vascular networks within engineered constructs. 1 Formation of vascular networks in vitro has been shown to facilitate the integration of tissue constructs with the host vasculature via rapid anastomosis. 4, 34, 35 Similarly, rapid fabrication of three dimensional microchannel networks in cell-laden hydrogels has widespread applications for in vitro models of drug discovery and organs on a chip platforms. 2, 5, 7, 10, 21 The primary objective of this study was to establish a new technique to fabricate microchannel networks within hydrogels for tissue engineering and organs on chip. In particular, a bioprinting strategy was utilized to generate 3D templates that readily formed microchannels upon removal from GelMA, SPELA, PEGDMA, and PEGDA hydrogels without any requirement for template dissolution. Furthermore, microchannels fabricated in cell-laden GelMA, allowed for enhanced mass transport in thick constructs, promoted high cellular viability and differentiation over time, and supported rapid formation of endothelial monolayers, thus representing an effective alternative for vascularization of hydrogel based engineered tissues and in vitro models of drug discovery.
Agarose template removal and microchannel formation
Agarose is a natural polysaccharide composed of repeating monomeric units of D-galactose and 3,6-anhydro-L-galactopyranose, forming a densely packed gel with low porosity via thermal-driven chain entanglements. 36 All of the surrounding hydrogels used in this study, on the other hand, were cross linked via free-radical photopolymerization of acrylate groups, which did not form covalent chemical bonds with the agarose chains. Therefore, the lack of specific cross linking sites at the interface of the printed agarose fibers and the surrounding hydrogels may explain the easy removal of the template fibers. In particular, after casting and photo cross linking GelMA, SPELA, PEGDMA and PEGDA precursors (surrounding hydrogels) over the bioprinted templates, the agarose fibers could be aspirated with a light vacuum (Supplementary Movie 1) or manually pulled out of the constructs with ease (Supplementary Movie 2), thus readily forming perfusable microchannel networks without the need for template dissolution. Therefore, the proposed technique prevented osmotic damage to encapsulated cells 23 or interactions of a dissolved template material that could modify the composition of the photo cross linked matrix, 26, 29 as reported previously. Interestingly, when agarose was mixed with the photo cross linkable hydrogels before photopolymerization and then gelled, the resulting hydrogel was stable and no evident phase separation was present (Supplementary Figure S1) .
We demonstrate that agarose templates at concentrations ranging from 2 to 8% could be successfully used to form microchannels in nearly all hydrogel concentrations, (5-20%, Figure 2A ). The only exception for successful microchannel formation was found for 20% PEGDA hydrogels (Figure 2A ). Since our preliminary observations suggested that slight deformation of the hydrogel matrix was required for template removal (Supplementary Movie 2), we expected that such limitation could be mainly due to the higher stiffness of 20% PEGDA compared to other hydrogels. In fact, we found that 20% PEGDA hydrogels had the highest elastic modulus (148.3±28.9kPa) of all groups tested (p<0.05) ( Figure 2C ). Moreover, results from mechanical testing ( Figure 2B and 2C) showed that the elastic modulus of all hydrogels increased gradually with an increase in polymer concentration, consistent with previous studies performed on GelMA hydrogels. 31, 37 These findings suggest that there may exist a narrow threshold of elastic deformation (above 131.1±14.9 kPa) at which the agarose template fibers could no longer be removed from the photo cross linked hydrogels, thus hampering microchannel formation.
We further hypothesized that hydrogel swelling could lead to constriction of the microchannels and prevent template removal. However, our results showed that the higher hydrogel concentrations, including 20% PEGDA hydrogels, exhibited lower mass swelling ratios (p<0.001)( Figure 2D ). These results discounted a relationship between hydrogel swelling and the ability to form microchannels. These findings were also consistent with previous reports showing an increase in mass swelling ratio for GelMA hydrogels combined with PEG 37 and hyaluronic acid. 38 As the dimensions of native blood vessels vary from few millimeters in diameter down to tens of microns, successful vascularization strategies should allow for fabrication of channels with a wide range of diameters. Our results showed that microchannels with diameters ranging from approximately 1000 μm down to 150 μm could be readily fabricated ( Figure 2F and Supplementary Figure S2 ). Since the fibers were bioprinted individually, channels of different dimensions could be fabricated in the same construct ( Figure 2F ) by using different dispensing capillaries. Furthermore, parallel overlapping of multiple template fibers over one another, allowed for fabrication of much larger channel diameters, as shown in Figures 3B, 4A -Ai and 4B-Bi. In these figures, the larger channels in the middle branched out into lateral individual channels of narrower diameters-a feature that is also observed in native vascular networks (Figures 4A-Ai and 4B-Bi).
Architecture and morphology of microchannels
Microvascular networks are ubiquitous structures in biological systems. Emulating these structures in hydrogels via bioprinting technique is of considerable interest not only for tissue engineering and organs on a chip, but also for hydrogel microfluidics, 10, 39, 40 selfhealing biomaterials 24, 25, 41 and organ printing. 33, 42, 43 The field of hydrogel microfluidics has gained increased attention in recent years. 21, 44 The ability to explore cell behavior within 3D microenvironments under continuous flow condition has allowed researchers to explore physiologically relevant mechanisms in tissue-like microenvironments. For instance, in a recent study, a microfluidic device fabricated via soft lithography of collagen hydrogels was used to determine the association of inflammation with prothrombotic events in engineered blood capillaries. 18 A similar approach was used to reconstitute angiogenic sprouting morphogenesis in vitro. 45 Also, the mechanism of passive mass transport occurring in nephrons was recently recapitulated on a collagen hydrogel chip. 46 Despite significant progress, all of these approaches were limited by time-consuming microfabrication methods along with multiple polymerization steps to assemble microchannels. A major advantage of our bioprinting method is the ability to readily fabricate multiple microchannels in 3D arrangements, in a scalable manner, without any requirement for complex microfabrication process or template dissolution. Figure 3A and 3B demonstrate the versatility of the bioprinting method in fabricating linear and bifurcating templates, respectively, whereas Figure 3C shows that more complex three dimensional grid architectures with overlapped Z-stacked fibers could also be dispensed to form template intersection points. 23 Linear printed fibers exhibited a preserved circular lumen ( Figure 3A-i and Supplementary Figure S3) , while bifurcating ( Figure 3B-i) and lattice ( Figure 3C-i) configurations showed microchannel networks that integrated due to overlapping of the printed fibers (Supplementary Figure S4) . The resulting microchannel junctions allowed for direct distribution of fluid throughout the entire scaffold even when perfused from a single inlet ( Figure 3D ). To further confirm the network connectivity, a GelMA hydrogel microfluidic chip was fabricated by bioprinting two parallel template-lines on one plane, while an additional 'bridging' line was printed on a plane above, crossing over diagonally ( Figure 3D ). Upon perfusion of the hydrogel chip with a solution containing rhodamine dye from one inlet (bottom channel), the entire network was rapidly filled ( Figure 3D to 3D-iii) . Such interconnection was further demonstrated in a more complex fluidic network in supplementary movie S4. A potential technical difficulty that needs to be considered in the proposed approach, however, is that the fabrication of microchannels requires each template to be individually aspirated or pulled from the cross linked construct. This may prevent fabrication of more complex closed-loop networks.
In a recent work, it was demonstrated that GelMA promotes the formation dense microvascular networks via self-assembly of endothelial and human mesenchymal stem cells in vitro and in vivo. 16 Furthermore, GelMA was shown to undergo transdermal photopolymerization leading to rapid integration with the host vasculature upon implantation. 47 Our bioprinting approach presented herein allowed for replication of architectures resembling branching microvascular networks either in a planar orientation ( Figure 4A and 4A-i) or in 3D architectures ( Figure 4B and 4B-i) with microchannels of relatively larger diameters (~100 μm to 1 mm). We argue, therefore, that the integration of larger channels, fabricated via the proposed bioprinting technique, with self-assembled microvascular networks in GelMA could ultimately lead to the formation of functional and vascularized tissue constructs with clinically relevant dimensions. A factor that needs to be considered for fabrication of larger constructs using photo cross linkable hydrogels, however, is that the path length for UV light exposure will increase as the size of the construct increases. This eventually could lead to variable cross linking properties throughout the thickness of the gel, restricting the effective size that constructs can be fabricated. We argue that recent strategies our group has developed enabling directed assembly of microgels, such as using programmable DNA glue 48 or 'Lego'-like interlocking of microstructural features in microfabricated microgels, for instance, represent effective solutions for this limitation 49 .
Functionality of cell-laden GelMA hydrogels with engineered microchannels
Before comparing the cellular viability between constructs with fabricated channels versus hydrogel blocks we determined the optimal concentration of GelMA hydrogels for MC3T3 proliferation upon encapsulation. Our preliminary results showed that higher hydrogel concentrations favored MC3T3 spreading and proliferation (Supplementary Figure S5) . Therefore, subsequent experiments used 10% GelMA hydrogels.
To demonstrate the efficiency of our bioprinted microchannels to form cell-laden tissue constructs with improved functionality, we compared the viability of MC3T3 cells encapsulated in hydrogels with and without bioprinted microchannels. Our findings confirmed that GelMA hydrogels embedded with microchannels had significantly higher cellular viability at day 1 (p<0.05) (Figures 5C and 5E ) and day 7 (p<0.0001) ( Figures 5D  and 5E ) of culture. Hydrogel blocks (without microchannels) on day 7, on the other hand, showed only 60% cell viability (Figures 5A, 5B and 5E). We further hypothesized that the presence of microchannels within the cell-laden constructs would lead to significantly higher differentiation of MC3T3s, as determined by the ALP activity levels, which was confirmed by the higher ALP levels detected in cell-laden hydrogels with microchannels on day 14 (p<0.0001) ( Figure 5F ). Collectively, these results suggest not only that the fabricated channels allowed for improved nutrient transport preserving cell viability, but also promoted increased differentiation of encapsulated osteogenic cells. These observations were consistent with previous studies on vascularized cell-laden hydrogels fabricated via selfassembly of endothelial cells, enhancing the overall tissue functionality in vitro. For instance, in a recent study, encapsulation of HUVECs and 10T1/2 cells in PEG hydrogels resulted in microvascular formation and significantly decreased cell apoptosis over a course of 96 hours. 19 Similarly, in another study, hepatocyte-laden PEG hydrogels with fabricated microchannels lead to higher viability, albumin and urea production. 23 Therefore, our results are consistent with previous findings demonstrating that vascularized cell-laden tissue constructs can sustain improved tissue functionality in vitro over a long period of culture time.
Endothelial monolayer in GelMA hydrogel microchannels
Prior to studying the formation of an endothelial monolayer inside the lumen of the fabricated microchannels, we studied the proliferation of HUVECs seeded on flat GelMA hydrogel substrates at concentrations of 5, 7 and 10% (w/v). 31 Higher GelMA hydrogel concentrations favored HUVEC proliferation (Supplementary Figure S6) . Therefore, 10% GelMA was selected for further studies on endothelial monolayer formation. We further investigated the feasibility of the fabricated microchannel networks to promote the formation of endothelial monolayers inside GelMA hydrogel constructs ( Figure 6A to 6K) . Interestingly, HUVECs seeded within larger microchannels (1000 μm and 500 μm) reached a higher cell number in a significantly shorter amount of time as compared to (p<0.01) narrower channels (250 μm) ( Figure 6A ). The difference in the cell number, particularly in 1000 μm microchannels, was not significant between day 1 and day 7 of culture ( Figure 6A ).
Detailed observations (Supplementary Movie 3A to 3C) indicated that the cell perfusion in 250 μm microchannels was less effective than 500 μm and 1000 μm channels. This was mainly attributed to the difficulty to position the perfusion needle inside the narrower microchannels. Hence, the lower number of HUVECs within narrower microchannels overtime ( Figure 6A ) was primarily due to the lower cell-seeding density, rather than specific geometric effects. 17 Despite the lower cell number in the 250 μm diameter microchannels, by day 7 of culture all channel geometries showed effective cell coverage within the inner surface of the channels (Figure 6B-6D) . After 14 days of culture, the endothelial layers could be visualized by naked eye covering the entire length of the channels ( Figure 6E and Supplementary Figure S7A to S7D) . 
CONCLUSION
In summary, we present a method for fabrication of microchannel networks within a wide range of commonly used hydrogels for tissue engineering applications. As a proof of concept, we demonstrated that the fabricated microchannels resulted in improved mass transport, viability and differentiation of osteogenic cells in cell-laden GelMA hydrogels. Finally, our results confirmed that GelMA hydrogels supported effective maturation of fully perfusable microvascular networks of different architectures and geometries. We believe that the proposed technique may find useful applications in the development of vascularized constructs for tissue engineering, hydrogel microfluidics and other applications relevant to regenerative medicine and organs on a chip.
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Refer to Web version on PubMed Central for supplementary material. schematic representation of bioprinting of agarose template fibers and subsequent formation of microchannels via template micromolding. a) a bioprinter equipped with a piston fitted inside a glass capillary aspirates the agarose (inset). after gelation in 4°c, agarose fibers are bioprinted at predefined locations. b) a hydrogel precursoris casted over the bioprinted mold and photo cross linked. c) the template is removed from the surrounding photo cross linked gel. d) fully perfusable microchannels are formed. hydrogel properties associated with microchannel formation. a) reproducibility of microchannel formation using 2 to 8% agarose templates in 5 to 20% gelma, pegda, spela and pegdma hydrogels. filled-squares represent successful microchannel formation, while crossed-squares represent failed microchannel formation. 5% pegdma and spela did not cross link. b) stress and strain response of hydrogels under compressive loading. c) 20% pegda hydrogels showed significantly higher modulus than 20% pegdma (*p<0.05), 20% spela and 20% gelma hydrogels (****p<.0001). d) 5% pegda hydrogels had higher mass swelling ratio than 5% gelma hydrogels (***p<0.001), while 10% gelma hydrogels had a higher swelling ratio than pegdma hydrogels (*p<0.05). e) representative image of microchannels with approximately 1000 μm,500 μm and 150 μm (left to right) in diameter are shown (500 μm scale bar). photographs of the bioprinted templates (green) enclosed in gelma hydrogels and the respective microchannels perfused with a fluorescent microbead suspension (pink). a) planar bifurcating bioprinted templates in a gelma hydrogel construct and (a-i) respective network after perfusion. b) 3d branching agarose templates embedded in agelma hydrogel construct and (b-i) resulting 3d branching network. c) 3d lattice template embedded in a gelma hydrogel and (c-i) after perfusion. (scale bars 3 mm, microchannels have 500 μmin diameter) viability and differentiation of mc3t3 cells encapsulated in 10% gelma hydrogels comparing constructs with fabricated microchannels versus blocks without microchannels. live and dead images of gelma hydrogel blocks (a and b) and hydrogels with fabricated microchannels (c and d) at days 1 and 7. e) hydrogel blocks had significantly lower viability at day 1 (*p<0.05) and day 7 (***p<0.001). f) alp specific activity assay showed significantly higher alp activity levels in cell-laden constructs with microchannels versus cell-laden hydrogel blocks on day 14 (****p<0.0001).(scale bar 700 μm) representative confocal and fluorescent microscopy images of immunostained huvecs forming a monolayer inside microchannels of different diameters after 7 days. a) proliferation of huvecs in 250 μm,500 μm compared to 1000 μm channels (***p<0.001, **p<0.01 and *p<0.05). b) 1000 μm,(c) 500 μm and (d) 250 μm microchannels lined with endothelial cells (scale bars 250 μm). e) photograph of vascularized gelma hydrogel construct with mature endothelial monolayer visible by naked eye covering the entire length of the channels. f) confocal image of gfp/dapi/cd31 markers from a huvec monolayer inside a 500 μm channel (scale bar 250 μm). g) higher magnification fluorescence image of dapiand cd31-stained gfp-expressing huvecs illustrating the cell-cell interactions (arrowheads) along the endothelial monolayer (scale bar 50 μm). h) longitudinal view of z-stacked confocal images of a huvec-lined microchannel. the inset shows across-section view of the channel (scale bars 250 μm). perpendicular views of z-stacked (i) dapi, (j) cd31 and (k) gfp markers are also shown to illustrate the complete lining of the microchannel lumen (scale bars 250 μm). three dimensional animations of the respective still images are shown as supplementary movies 5a-5e.
